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A new member of the CYP3A gene family has been
cloned from the teleost fish medaka (Oryzias latipes)
by reverse-transcriptase polymerase chain reaction
(RT-PCR). Degenerate primers homologous to highly
conserved regions of known CYP3A sequences were
used for initial RT-PCRs. Individual PCR products
were cloned, sequenced, and identified as those be-
longing to the cytochrome P450 superfamily based on
amino acid sequence similarity and the presence of
the highly conserved heme-binding region. PCR prod-
ucts were subsequently used as probes to screen a
complementary DNA library. A full-length cDNA clone
was identified containing a 1758-base-pair (bp) insert
with an open reading frame encoding a single peptide
of 500 amino acids. Comparisons of the deduced amino
acid sequence to other known cytochrome P450 se-
quences indicate that this gene product is most similar
to the CYP3A gene family and has been designated as
CYP3A38 by the cytochrome P450 nomenclature com-
mittee. Northern blot analysis identified two abun-
dant CYP3A related transcripts in liver of both male
and female adults and demonstrated quantitative dif-
ferences in abundance according to gender. Similarly,
Western blot analysis demonstrated the presence of
two abundant cytochrome P450 related proteins in
liver of both male and female adults. These results
suggests that O. latipes contains multiple forms of

YP3A. Heterologous expression of CYP3A38 cDNA in
EK 293 cells produced a single protein that was re-
ctive with anti-scup P450A (CYP3A) polyclonal anti-
ody. Microsomes of HEK 293 cells expressing recom-
inant CYP3A38 protein actively catalyzed the hy-
roxylation of testosterone. © 2000 Academic Press
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9692. E-mail: swkullman@ucdavis.edu.
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Worldwide, approximately 25,000 species of bony
fishes inhabit waters of our biosphere and their com-
posite habitat makes up approximately 70% of Earth’s
surface. In addition to comprising an important source
of human nutrition, a limited number (5 or fewer spe-
cies) have received appreciable attention as research
models. Part of the emphasis for this research has been
the fact that the environmental fate of the vast major-
ity of pollutants eventually involves the aquatic me-
dium (associated sediment, water column, or biota).
Recent reviews have strongly supported the use of
these vertebrates as sentinels for detection of alter-
ations in aquatic environmental quality (1, 2). Medaka
fish (Oryzias latipes), have been used extensively as a
research model for developmental biology, environ-
mental carcinogenesis, and recently for detecting ad-
verse effects of chemicals on reproduction (3, 4).
Medaka differ from other fish research models includ-
ing rainbow trout in that they are a warm-, fresh-, and
brackish-water species with a short time to reproduc-
tive maturity. Their transparent chorion makes them
ideal for developmental studies and breeding pairs can
be maintained on a continual 24-h reproductive cycle.
Aspects of medaka physiology, development, and ge-
netics are well known. A recent data base has been
created documenting isolated genes, transgenic fish,
and numerous additional aspects of medaka research
(http://bioll.bio.nagoya-u.ac.jp:8000/). As an in vivo
screening model for suspected carcinogens and envi-

ronmental pollutants, medaka have shown to be highly
sensitive compared to other model fish species includ-
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ing zebrafish (5, 6). Disruption of reproduction, devel-
opment, and early lifestage mortality are among end-
points observed following exposure of adults and larvae
to select xenobiotics (7–9). As development of the
medaka model continues, a thorough understanding of
the biochemical and molecular actions of environmen-
tal pollutants in this species is paramount. To this
effect, we have become increasingly interested in ex-
amining xenobiotic metabolism and associated cyto-
chrome P450 systems in medaka.

Cytochrome P450s, a large and ubiquitous super-
family of heme proteins, catalyze the oxidative bio-
transformation of structurally diverse lipophilic com-
pounds including drugs, xenobiotics, and endogenous
substances such as fatty acids and steroids. Currently,
12 subfamilies of cytochrome P450 have been identified
in fish species including 1(A), 2(B, E, K, M, N, P), 3(A),
4(T), 11, 17, and 19 (10). Their catalytic activities,
immunological cross-reactivity and nucleic acid se-
quences indicate that many of the cytochrome P450
enzymes found in fish species are similar to their mam-
malian homologs including those responsible for ste-
roid biosynthesis and metabolism.

Cytochrome P450 catalyzed steroid hydroxylation
reactions are key to numerous important metabolic
pathways including biosynthesis and metabolism of
cholesterol, bile acids, vitamin D, prostaglandins, and
all major classes of steroid hormones (11). It has been
demonstrated that steroid hormones are metabolized
by distinct cytochrome P450 enzymes with a high de-
gree of regio- and stereoselectivity (12). Determination
of specific metabolic activities for individual cyto-
chrome P450s has been established by various meth-
ods including immunoinhibition, chemical inhibition,
isozyme specific substrates and activity studies using
purified enzyme. More recently, expression of recombi-
nant enzyme and reconstitution systems have enabled
the identification of exact metabolic profiles for distinct
cytochrome P450 genes (13–16). Through these studies
it has been observed that cytochrome P450 3A
(CYP3A)2 gene family members are major contributors
to steroid hydroxylation reactions in hepatic micro-
somes. 6b Hydroxylation of testosterone, progesterone,
and androstenedione has been identified as the major
catalytic activity of most CYP3A enzymes. To date, the
CYP3A subfamily consists of over 43 genes identified
from mammalian and nonmammalian species. This
subfamily shows a high degree of structural similarity;
however, assignment of orthologous sequences has

2 Abbreviations used: CYP3A, cytochrome P450 3A; DEPC, diethyl
pyrocarbonate; DTT, dithiothreitol; dNTP, deoxynucleotide triphos-
phate; DIG, digoxigenin; SSC, standard sodium citrate; SDS, sodium
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dodecyl sulfate; PMSF, phenylmethylsulfonyl fluoride; UTR, un-
translated region; FBS, fetal bovine serum.
been difficult. Thus all CYP3A genes have been
grouped as one subfamily, CYP3A1-43 (17).

CYP3A-like proteins have been purified from teleost
species including P450A from scup (Stenotomus chry-
sops), P450b from Atlantic cod (Gadus morhura), and
P450con/LMC5 from trout (Oncorhynchus mykiss)
18–21). The catalytic activities of purified enzyme,
mmunologic cross-reactivity and inhibition studies
trongly suggest that these cytochrome P450 proteins
re similar to CYP3A enzymes identified from mam-
alian species and are likely members of the CYP3A

ubfamily. While CYP3A-like proteins have been ob-
erved in various fish species by immunochemical de-
ection, only one full-length gene sequence and one
artial gene sequence have been identified in teleost
sh (22). Additionally, to date no information regard-

ng catalytic activities of cloned teleost CYP3A se-
uences has been demonstrated.
In this study we describe the identification and ini-

ial characterization of a new member of the CYP3A
ene subfamily from the teleost O. latipes. Expression
nalysis of this CYP3A gene suggests that multiple
sozymes are present in liver of adult males and fe-

ales. Furthermore, we report the catalytic activity of
YP3A38 in heterologous expression studies.

MATERIALS AND METHODS

Fish culture and maintenance. Adult medaka were reared at the
Aquatics Center (Institute of Ecology), University of California—
Davis, as previously described (23). Briefly, eggs were reared under
constant aeration in prefiltered reconstituted water according to
EPA guidelines (24). Water was maintained at a constant tempera-
ture of 25°C and photoperiod was kept at a constant 16 h light and
8 h dark cycle. Fish were fed a purified casein-based diet developed
at Bodega Bay Marine Laboratory, University of California, and
modified by us for use with medaka (25).

Reverse-transcribed PCR (RT-PCR). Reverse transcription was
carried out with total cellular RNA isolated from adult fish liver.
Reverse transcriptase reactions containing 5 mg of total RNA, 0.5 mg
oligo(dT) primers, and diethyl pyrocarbonate (DEPC)-treated water
(total volume 11 ml) were heated to 70°C for 10 min and quickly
chilled on ice. After cooling, 4 ml of 53 reaction buffer containing 50
mM Tris–HCl (pH 8.3), 75 mM KCl, 10 mM DTT, 3 mM MgCl2, 10
mM of each deoxynucleotide triphosphate (dNTP), 40 U RNasin
(Promega, Madison, WI), and 200 units of Superscript reverse tran-
scriptase (Life Technologies Inc., Gaithersburg, MD) were added to
make a total volume of 20 ml. Reactions were incubated at 37°C for
1 h and then heated to 95°C for 5 min to inactivate the reverse
transcriptase. Polymerase chain reaction (PCR) was used for second-
strand synthesis and subsequent cDNA amplifications. PCR reaction
(100 ml) contained 2 ml of the RT reaction mixture as a cDNA
template, 10 mM Tris–HCl (pH 9.0), 50 mM KCl, 1.5 mM MgCl2, 1%
Triton X-100, 10 mM of each deoxynucleotide triphosphate (dNTP)
(Amersham Pharmacia Biotech, Piscataway, NJ), 2.5 units of Taq

NA polymerase (Promega), and 100 pmol of both up- and down-
tream degenerate primers. PCR conditions for cDNA amplification
ith degenerate primers were denaturation at 96°C for 5 min fol-

owed by a cycling of annealing at 50°C for 45 s, extension 72°C for
.5 min, and denaturation 94°C for 45 s for 40 cycles with a temper-

, AND HINTON
ture ramp of 1°/6 s between the annealing and extension steps. PCR
roducts were analyzed by electrophoresis on 1.5–2.5% agarose gels.
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Cloning, cDNA isolation, and sequencing. PCR products excised
from the agarose gels were purified using QIAEX DNA extraction kit
(Qiagen, Valencia, CA), subcloned into T-tailed pCRTMII vector
(Invitrogen, Carlsbad, CA) according to manufacturer’s protocol, and
selected by blue-white screening. Confirmation of PCR product in-
corporation in plasmids was made by restriction analysis. A ZAP II
cDNA library to medaka liver (gift from R. J. Van Beneden, Univer-
sity of Maine) was used for the isolation of a cDNA clone encoding
CYP3A38. A 956-bp DNA fragment of medaka CYP3A was generated
by PCR and randomly labeled with [a-32P]dCTP (Amersham Phar-
macia Biotech). Approximately 5.0 3 105 plaques were screened
hrough three rounds of isolation. Positive clones were recovered
ccording to the manufacturer’s protocol. Clones were subsequently
equenced in both directions using Sp6, T3, T7, or the M13 (220)
rimers or by primer walking with sequence-specific oligonucleotides
sing an ABI prism 377 sequencing unit.
Isolation and analysis of RNA. Total RNA was isolated from

dult liver, by the single-step acid guanidinium thiocyanate/phenol
ethod (26). For Northern blot analysis, 1.0 mg total RNA was

esolved by electrophoresis through a 1.0% denaturing agarose gel
ontaining 0.66 M formaldehyde and transferred to nylon mem-
ranes (Boehringer Mannheim, Indianapolis, IN) by capillary blot-
ing (27). Membranes were prehybridized for 1 h at 68°C in a digoxi-
enin (DIG) easy-hybridization solution (Boehringer Mannheim). An
NA probe to the CYP3A sequence was labeled using DIG/Genius 4
NA labeling kit according to the manufacturer’s protocol. Approx-

mately 100 ng of probe/ml of hybridization buffer was added and
ybridized for 18 h at 68°C. Membranes were washed twice in 2 3
SC (0.15 mM NaCl, 15 mM sodium citrate, pH 7.0) with 0.1% SDS
t room temperature for 5 min and twice under higher stringency in
.1 3 SSC with 0.1% SDS at 68°C for 15 min. Probe target hybrids
ere detected by enzyme-linked immunoassay using alkaline phos-
hatase-conjugated anti-digoxigenin antibody (Boehringer Mann-
eim) and visualized with CDP* chemiluminescent substrate
Boehringer Mannheim).

Extraction and analysis of protein. Total cellular protein was
xtracted from adult liver by homogenizing 100 mg tissue/ml homog-
nization buffer containing 50 mM Tris, pH 7.6, 12 mM monothio-
lycerol, 1.0 mM EDTA, 1.0 mM DTT, 20% glycerol, and 1.0 mM
MSF with a polytron tissue homogenizer. The crude homogenate
as centrifuged at 10,000g for 30 min followed by 100,000g for 1 h.
icrosomal pellets were resuspended in homogenization buffer. Pro-

ein concentration was measured by the Bradford method (28) with
ovine serum albumin as standards. Protein samples were separated
y electrophoresis through a denaturing 10% SDS–polyacrylamide
el. After electrophoresis, protein was transferred to nitrocellulose
embranes (Boehringer Mannheim) by electrobloting in buffer con-

aining 25 mM Tris–HCl, pH 8.4, 192 mM glycine, and 20% metha-
ol. Membranes were initially blocked in 5% (w/v) nonfat powdered
ilk in Tris-buffered saline/Tween (20 mM Tris–HCl, pH 8.0, 152
M NaCl, 0.05% Tween-20). Membranes were then incubated with
primary polyclonal antibody to scup CYP3A, 3.0 mg/1.0 ml 5% (w/v)

nonfat powdered milk, followed by washing in Tris-buffered saline/
Tween and incubating with alkaline phosphatase conjugated anti-
rabbit secondary antibody. Protein targets were visualized with
CDP* chemiluminescent substrate (Boehringer Mannheim).

Heterologous expression. For expression of medaka CYP3A38
protein, a full-length cDNA was subcloned from a ZAPII, cDNA
library as p-bluescript SK(1/2) by digestion with HindIII and XbaI.
The resulting 1758-bp fragment containing the CYP3A38 open read-
ing frame with an additional 34-bp 59 untranslated region (UTR) and
a 221-bp 39 UTR was ligated into the compatible ends of pCMV5
mammalian expression vector containing cytomegalovirus promoter
(obtained from Dr. A. Conley, University California—Davis). The
recombinant pCMV5 construct was amplified in DH5a cells (Life

MEDAK
Technologies Inc.) and plasmid DNA was isolated/purified using
Qiagen plasmid miniprep columns. Human embryonal kidney cells
(HEK 293) were grown in D-MEM supplemented with 10% fetal
bovine serum (FBS) and 10 mM Hepes at 37°C with 5% CO2. Next

lasmid DNA was transiently transfected into HEK 293 cells using
ipofectamine transfection (Life Technologies Inc.). To achieve this,
lasmid DNA (1.5 mg) was added to cells (2.0 3 105 cells/plate) in

serum-free media followed by incubation for 6 h at which time media
ontaining 10% FBS was added. Transfected cells were then incu-
ated at 37°C for 48 h, washed, and harvested. HEK 293 cell lysates
ere prepared by sonication in 250 mM sucrose containing 1 mM
DTA and membrane fractions were prepared by differential cen-

rifugation (final spin 100,000g for 60 min). Membrane fractions
ere resuspended in phosphate buffer containing 100 mM potasium
hosphate, pH 7.5, 20% glycerol and 1 mM EDTA. Catalytic activity
f microsomal preparations was determined according the method of
axman and Chang (29). Briefly, incubation mixtures contained 100
M Hepes, pH 7.4, 0.1 mM EDTA, 250 mg microsomal protein, 50

mM 14C-labeled testosterone and 1 mM NADPH in a total volume of
250 ml. Mixtures were incubated for 1 h at 37°C and then extracted

ith cold ethyl acetate and testosterone metabolites were analyzed
y thin layer chromatography (TLC) on silica gel plates developed in
ethylene chloride/acetone (4:1). Testosterone metabolites were an-

lyzed by phosphorimaging using a Molecular Dynamics (Sunnyvale,
A) Storm. Individual testosterone metabolites were identified by
ochromatography with authentic, unlabeled monohydroxysteroid
tandards (Steraloids, Inc., Newport, RI) using multiple solvent sys-
ems (30). 14C-labeled metabolites were cospotted with each unla-

beled standard and developed in solvent systems containing either
(A) dichloromethane/acetone (4:1), (B) chloroform/ethyl acetate/100%
ethanol (4/1/0.7), or A followed by B. Identification of cytochrome
P450 catalyzed testosterone metabolites were made on the basis of
comigration with superimposition of both the 14C metabolite and the

V density of the authentic steroid standards. Only when exact
uperimposition was observed were metabolites positively identified.

RESULTS

Degenerate primer design. Degenerate primers for
RT-PCR were designed based on comparisons of con-
served amino acid and nucleic acid sequences of known
mammalian CYP3A genes. Alignments of CYP3A se-
quences were compiled using PILEUP (Genetics Com-
puter Group) and revealed several specific regions with
high degrees of amino acid similarity. Degenerate oli-
gonucleotide primers encoding these conserved regions
were designed as shown in Table I. The appropriate
nucleotide sequences were chosen according to the de-
gree of amino acid conservation at each position in the
lineup. All codon combinations were considered for
each amino acid position in the primer design. Inosine
was substituted in instances in which several nucleo-
tides could be used in any one position. This occurred
only in the “third base” position. Based on this design,
two N-terminal (sense) primers and two C-terminal
(antisense) primers were constructed.

Amplification, isolation, and sequencing of cDNA
fragments. RT-PCR using degenerate primers de-
signed to amplify conserved regions of CYP3A genes,
produced cDNA products of predicted size from adult
male and female medaka. Total RNA isolated from
adult liver samples was reverse transcribed and used

31CYP3A
as template for PCR reactions. Primer combinations
3A-7686/3A-7688 and 3-A7689/3A-7687 produced over-
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lapping products of 528 and 711 base pairs, respec-
tively. Individual PCR products were subsequently
cloned and sequenced. By matching overlapping re-
gions of the PCR products, a total combined sequence
of 1064 base pairs was identified. Comparisons of the
deduced amino acid sequence to known cytochrome
P450 sequences indicated a high degree of similarity to
the CYP3A subfamily. Confirmation of the sequences
as belonging to cytochrome P450 superfamily, how-
ever, was based upon identification of the highly con-
served heme binding region.

A full length cDNA sequence of medaka CYP3A gene
was obtained by screening a medaka liver cDNA li-
brary. Approximately 5.0 3 105 plaques were screened
through three cycles with a 956-base-pair probe spe-
cific to the putative medaka CYP3A sequence. Two
positive clones (S3A4 and S3A15) were identified con-
taining inserts .1.7 kb by restriction digest. Individual
lones were isolated by phagmed recovery and subse-
uently used for further studies. The complete nucleic
cid sequence of each clone was determined without
mbiguity on both strands by primer walking. Restric-
ion analysis and sequencing data indicated that the
wo clones were identical except for an additional thy-
ine residue at nucleotide position 176 in clone S3A4.
his additional nucleotide resulted in a shift in the
pen reading frame that produced a truncated
YP3A38 protein. No other open reading frame was

dentified in this clone. The cDNA sequence and pre-
icted translation product of clone S3A15, containing a
omplete open reading frame, is shown in Fig. 1. The
DNA sequence consists of 1758 nucleotides, with a
503 coding region flanked by 34-bp 59 and 221-bp 39

TABLE I

Degenerate Oligonucleotide Primers to CYP3A

Oligonucleotide sequence
Protein

sequence
Lineup

positiona
Oligo
No.

N-terminal primers

GCIGAGGACCAATGGAA AEDEEW 123–128 3A-7689
A A T G K

CAAAGIATAATATTCATATTC
GTC C C T C T QSIIFIF 299–306 3A-7686

T T T

C-terminal primers

ACCATATCIAAATACTCCAT MEYLDMV 354–360 3A-7687
G GG T

GGAATCTGIGTCTCTTTACA
G T T C G CKETQIP 368–375 3A-7688
T

a Corresponds to position of amino acids in CYP3A lineup.
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oncoding regions. Several canonical eukaryotic poly-
denylation signals were identified between 22 and
25 bp upstream of the poly(A) tail. A single open
eading frame was identified, coding for a protein of
00 amino acids with a single ATG initiation codon, a
ingle TAG termination signal, and a calculated molec-
lar mass of 57,381 Da. The deduced amino acid se-
uence contains a putative heme binding domain
round the Cys443 residue, characteristic of cytochrome

P450 proteins (31).
Comparison of the deduced amino acid sequence of

the medaka CYP3A to other known cytochrome P450
proteins was performed using a BLAST search. Results
indicate that the medaka sequence is most similar to
CYP3A27 from trout (O. mykiss), with a 72% amino-
acid identity, and highly homologous to mammalian
members of the CYP3A subfamily. Figure 2 shows an
alignment of the medaka CYP3A sequence with trout
and the four mammalian sequences of highest identity
from the BLAST search including: dog CYP3A12
(58%), rat CYP3A9 (58%), sheep CYP3A24 (57%), and
human CYP3A4 (57%). Medaka CYP3A sequence con-
tains a high degree of similarity to family 2 cytochrome
P450 proteins, especially the I helix and the heme
binding region. This sequence was submitted to the
P450 nomenclature committee and designated as
member 38 of the CYP3A subfamily, GenBank Acces-
sion No. AF105018.

CYP3A expression. Both Northern and Western
blots were performed to estimate the level of CYP3A
expression in untreated male and female medaka.
Western blot analyses was performed with a polyclonal
antibody to scup (Stenotomus chrysops) CYP3A shown
to cross react across several teleost species (32). Micro-
somal fractions of noninduced adult male and female
medaka liver demonstrated the presence of two abun-
dant immunoreactive proteins with estimated molecu-
lar weights of 57 and 58 kDa, indicating that multiple
putative forms of CYP3A are recognized by the anti-
scup antibody in medaka liver preparations (Fig. 3). A
specific gender difference was consistently observed,
with males demonstrating a higher intensity of both
CYP3A-like proteins than females.

Expression of CYP3A at the transcriptional level was
determined by Northern blot hybridization of total
RNA extracted from adult male and female medaka
liver using clone S3A15 as a full-length cDNA probe.
Under conditions of high stringency, the CYP3A38
cDNA probe hybridized to two abundant transcripts of
1.8 and 2.2 kb in uninduced male and female medaka
liver (Fig. 4). Expression of two transcripts is consis-
tent with the Western blot data and supports the iden-
tification of two CYP3A genes. In each preparation,
loadings were made with equal amounts of RNA by
visualization and blots were reprobed using a medaka

, AND HINTON
18S RNA cDNA probe to quantify steady-state level of
RNA. Consistently, Northern blots demonstrated a
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gender-specific difference in band intensity between
the upper and the lower transcripts. Transcripts from
female liver show greater abundance in the upper
mRNA transcript, whereas males proved more abun-
dant in the lower mRNA transcript.

Heterologous expression. cDNA inserts for clones
S3A4 and S3A15 were subcloned into the mammalian
expression vector pCMV5 and used to transfect HEK-
293 cells. Western blot analysis of HEK cells trans-
fected with pCMV5/S3A15 revealed the expression of a
single protein band. Expressed protein was reactive
with anti-scup P450A polyclonal antibody and shared a
similar electrophoretic mobility on SDS–PAGE gels
with a single CYP3A protein identified from immuno-
blots of medaka liver microsomes (Fig. 5). Maximal
expression of CYP3A38 occurred at 48 h after transfec-
tion. As expected, CYP3A proteins were not detected in
microsomes from HEK cells transfected with pCMV5/
S3A4 or pCMV5 vector only.

Steroid hydroxylase activity of medaka microsomes
and expressed CYP3A38 protein was evaluated using

FIG. 1. Nucleotide and amino acid sequence of medaka CYP3A3
single-letter notation under the second letter of each codon. Putativ

MEDAK
testosterone as a substrate. The major hydroxylated
testosterone metabolites formed with medaka hepatic
microsomal preparations are shown in Fig. 6 (lane 5).
The metabolites detected were 6b, 16b, 2b, and 2a-OH
testosterone by comigration of 14C-labeled steroid me-
tabolites with authentic unlabeled hydroxysteroid
standards in multiple TLC solvent systems. Formation
of these major testosterone metabolites is in agreement
with those previously characterized with medaka he-
patic microsomes (6). CYP3A38 cDNA expressed in
HEK 293 cells metabolized testosterone at two pre-
dominate positions. The major polar metabolites were
identified as 6b-OH and 16b-OH testosterone. Metab-
olism of testosterone at both the 6b and the 16b posi-
tion was slightly enhanced by the addition of cyto-
chrome P450 reductase to the in vitro incubations (Fig.
6, lane 3). Formation of the 16b-OH metabolite was not
observed in microsomes from HEK 293 cells trans-
fected with pCMV5/S3A4 or pCMV5 vector alone (Fig.
6, lane 1 and 2), indicating that formation of this prod-
uct is specific to expressed CYP3A38. Product forma-
tion for the 6b-OH testosterone metabolite was most
abundant in microsomes prepared from HEK 293 cells

Deduced amino acid sequence from the open reading frame is in
olyadenylation signals AATAAA are underlined.

33CYP3A
A
transfected with CYP3A38 (Fig. 6, lanes 3 and 4).
6b-OH testosterone was observed however, in treat-
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ments containing vector only and pCMV5/S3A4 sug-
gesting that a basal level of testosterone metabolism
occurs in HEK 293 cells. Additionally, 2a-OH and
2b-OH testosterone metabolites identified with
medaka hepatic microsomes were not observed in HEK
293 cells transfected with pCMV5/S3A15, indicating
that CYP3A38 does not actively catalyze formation of
these products.

DISCUSSION

Several lines of evidence support our contention that
we have cloned a new member of the CYP3A gene
family from the fresh water teleost, medaka. Analysis
of the deduced amino acid sequence of clone S3A15
displayed a high degree of sequence similarity to mem-
bers of the cytochrome P450 superfamily of monooxy-
genases (31). Several well conserved regions of cyto-
chrome P450 are present in the deduced amino acid
sequence, including the highly conserved heme binding

FIG. 2. Alignment of the medaka CYP3A38 sequence with trout
CYP3A4 using SeqVu program V1.0. Boxes represent amino acids tha
are identical to the medaka CYP3A38 sequence.

34 KULLMAN, HAM
CYP3A27, dog CYP3A12, rat CYP3A9, sheep CYP3A24, and human
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region, containing Cys443, which acts as the fifth ligand
to heme molecule, the aromatic and I helix region, a

s
g

FIG. 3. Western blots of liver microsomes from adult male (M) and
female (F) medaka liver. Equal amounts of protein (10 mg each) were
pplied to each lane and blots were developed with rabbit anti-scup
YP3A antibody. 66- and 45-kDa molecular weight markers are

hown on the left-hand side. (Anti-scup CYP3A antibody was a
enerous gift from M. Celander and J. J. Stegemen.)
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proline-rich region downstream of the amino terminus,
and the signal anchor sequence (33, 34). When com-
pared to cytochrome P450 sequences in the GenBank
data base, the deduced amino acid sequence of the
medaka gene demonstrates a high degree of similarity
to CYP3A orthologs of phylogenetically distant organ-
isms. Within the CYP3A family, medaka CYP3A38 is

FIG. 4. Northern blot of total RNA (10 mg) isolated form adult male
M) and female (F) medaka livers. Blots were hybridized at 68°C with

DIG labeled RNA probe to the S3A15 CYP3A clone. Size of ribo-
omal RNA (28S and 18S) indicated on left-hand side.

FIG. 5. Western blot probed with polyclonal rabbit anti-scup
P450A (CYP3A) antibody to 50 mg microsomal protein of HEK 293
cells transfected with (lane 1) pCMV5 vector alone, (lane 2) pCMV5
vector containing clone S3A4 expressed cDNA, (lane 3) pCMV5 vec-
tor containing clone S3A15 expressed cDNA, or (lane 4) 25-mg liver
microsomes from adult male medaka shown to contain two abundant
3A bands with the bottom band exhibiting the same electrophoretic

MEDAK
mobility as cDNA expressed CYP3A38. 66- and 45-kDa molecular
weight markers are shown on the left-hand side.
most similar to trout CYP3A27, suggesting an early
phylogenetic lineage of this gene family between two
distantly related fish species.

Translation of the open reading frame for clone S3A4
containing the additional T residue resulted in a highly
truncated 3A protein product of 60 amino acids. The
resulting frame shift produced a protein sequence that
lost sequence similarity to CYP3A enzymes and lacked
functional motifs of cytochrome P450 genes including

FIG. 6. Autoradiographs of silica gel TLC plates resolving testos-
terone and respective testosterone metabolites from incubations of
HEK 293 cell microsomes transfected with (lane 1) pCMV5 vector
alone, (lane 2) pCMV5 vector containing clone S3A4 expressed
cDNA, (lane 3) pCMV5 vector containing clone S3A15 expressed
cDNA supplemented with purified rat cytochrome P450 reductase,
(lane 4) pCMV5 vector containing clone S3A15 expressed cDNA, or
(lane 5) liver microsomes of adult male medaka. Individual testos-
terone metabolites were identified by cochromatography with au-
thentic, unlabeled monohydroxysteroid standards (Steraloids Inc.,
Newport, RI) using multiple solvent systems (30). Identification of
cytochrome P450-catalyzed testosterone metabolites was made on
the basis of superimposition of both the 14C metabolite and the UV
density of the authentic steroid standards. T, testosterone; A, andro-
stenedione; 6b, 6b-hydroxytestosterone; 16b, 16b-hydroxytestoster-
ne; 2a, 2a-hydroxytestosterone; 2b, 2b-hydroxytestosterone.
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the heme binding region. Interestingly, Fukada et al.
(35) reported a similar phenomenon for cytochrome
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P450 aromatase isolated from medaka ovarian folli-
cles. Insertion of these additional nucleotides may rep-
resent errors in mRNA intron/exon splicing or could be
attributed to errors in reverse transcription during
cDNA synthesis.

CYP3A gene sequences have been identified in two
additional fish species including killifish (Fundulus he-
toroclitus) and rainbow trout. Celander et al. (36) re-
ported a 300-bp sequence from killifish and examined
phylogenetic relatedness to mammalian CYP3A se-
quences. Recently Lee et al. (22) reported the identifi-
ation of one full-length CYP3A sequence from rainbow
rout. Comparisons of our medaka sequence with those
f trout and killifish indicate that marked structural
imilarities to mammalian CYP3A proteins exist. This
s not surprising due to the high degree of cross-reac-
ivity observed between rat, human, and fish CYP3A
ntibodies (32). The similarity of these teleost CYP3A
equences to mammalian sequences additionally indi-
ates that they may have similar catalytic functions.
iranda et al. (37) have shown that microsomal prep-

rations of trout liver catalyze the hydroxylation of
estosterone to 6b-hydroxytestosterone. These meta-

bolic oxidations were inhibited by the addition of ges-
todene, a CYP3A-specific inhibitor. Correlation of 6b-
hydroxytestosterone activity in winter flounder was
also demonstrated by inhibition of microsomal steroid
hydroxylase activity with antibodies to scup CYP3A
protein (38).

In mammalian liver, CYP3A isozymes have been
shown to catalyze the oxidation of numerous xenobiot-
ics and steroid hormones with stringent stereo- and
regiospecificity (39). Expressed CYP3A proteins from
several species have demonstrated high affinities to-
ward testosterone, progesterone, androstendione, and
other steroids. Predominant metabolic activity for
CYP3A genes has been the formation of the 6b-OH
metabolite; however, minor metabolites of at positions
1b, 2b, 15b, and 16b have been observed (13–16). In
our expression studies we found that expressed
CYP3A38 catalyzes the formation of 6b-OH and
16b-OH testosterone. Catalytic activity of expressed
CYP3A protein was low in microsomes of CYP3A38
transfected HEK 293 cells and simultaneous addition
of purified rat reductase only slightly enhanced metab-
olite formation. In general, the CYP3A family of en-
zymes tends to show poor catalytic activity in typical
lipid systems that are appropriate for other cytochrome
P450 reactions (40, 41). CYP3A mediated oxidations
are known to be highly sensitive to assay conditions,
including types and amounts of phospholipids, deter-
gents, and cytochrome b5 (40, 42). Although cyto-
chrome b5 significantly enhances CYP3A activity, its
effect appears to be substrate dependent (43–45). Al-
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ternately, low catalytic activity may represent an in-
compatability of medaka and other teleost cytochrome
P450s with mammalian NADPH reductase and mem-
brane arcitecture. Protein–protein and protein–lipid
interactions are important for function microsomal
monooxygenase activity. Brian et al. (46) observed that
CYP3A4, expressed in yeast, did not couple well with
NADPH reductase, resulting in inconsistent catalytic
activities. Additionally, Yang et al. (47) have reported
imilar low catalytic activities for trout CYP2M1 ex-
ressed in COS-1 cells.
Surprisingly, only slight 6b-hydroxylation of testos-

terone was observed above and beyond background for
HEK 293 cells, suggesting that CYP3A38 may be pref-
erential for hydroxylation at the 16b position. 16b-OH
in addition to 6b-OH testosterone has been identified
as a major metabolite formed by adult liver micro-
somes from trout (21). 16b-OH has not previously been
observed as a major testosterone metabolite in mam-
malian liver; however, it is an abundant metabolite
produced in mammalian kidney and lung (48). Often
metabolic properties of different steroids vary with
tissue type. Mostly, this has been attributed to selec-
tive expression of varying cytochrome P450 genes.
However, members of the CYP3A gene family, across
and within the same species, demonstrate significant
differences in catalytic activity and metabolite profiles.
For example, two canine CYP3A isozymes, CYP3A12
and CYP3A26, revealed functional distinctions in ste-
roid hydroxylase activity with CYP3A26 being uni-
formly less active than CYP3A12 (49). Similar compar-
isons of human forms CYP3A4, CYP3A5, and CYP3A7
revealed important differences in hydroxylation pro-
files and catalytic activities using endogenous sub-
strates and a variety of drugs (44, 50).

In this study we have identified multiple CYP3A
proteins in medaka liver. This data is consistent with
immunoblot analysis of other fish species including
tomcod, winter flounder, and trout in which multiple
CYP3A-like proteins have been observed (32, 38). It
must be noted, however, that multiple transcripts de-
tected by Northern blots may be a result of alternate
polyadenylation signaling. Expression of two or more
CYP3A isozymes has been observed in numerous spe-
cies (50–52). Often, however, the functional signifi-
cance of multiple CYP3A proteins has not been deter-
mined. Presumably, isozyme-specific gene expression,
substrate specificity, and metabolic profiles among in-
dividual CYP3A proteins have relevant physiological
significance. For example, fetal forms of CYP3A have
been identified in humans and rodents (50, 53). These
forms are constitutively expressed during fetal devel-
opment and diminish remarkably after birth. While
important for xenobiotic metabolism, these genes may
additionally play an important role in early steroid
metabolism and thus fetal development. To date, the

, AND HINTON
physiological role of CYP3A enzymes in medaka is yet
to be determined.
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This study has resulted in the isolation, expression,
and characterization of a cDNA encoding medaka
CYP3A enzyme. Functional activity of this enzyme has
been identified as 6b and 16b testosterone hydroxy-
lase. This is the first report demonstrating catalytic
activity for a CYP3A family member in teleost fish.
Immunoblots and Northern blot analysis confirm the
presence of multiple CYP3A isozymes in medaka liver
with CYP3A38 corresponding to the lower molecular
weight protein identified in Western blot studies. Fur-
ther studies are currently being conducted to examine
expression, development, and catalytic activities for
each of the medaka cytochrome P450 proteins.
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